Over the last two decades many secrets of the age-related human neural proteinopathies have been revealed. A common feature of these diseases is abnormal, and possibly pathogenic, aggregation of specific proteins in the effected tissue often resulting from inherent or decreased structural stability. An archetype example of this is superoxide dismutase-1, the first genetic factor to be linked with amyotrophic lateral sclerosis (ALS). Mutant or posttranslationally modified TAR DNA binding protein-32 (TDP-43) is also strongly associated with ALS and an increasingly large number of other neurodegenerative diseases, including frontotemporal lobar degeneration (FTLD). Cytoplasmic mislocalization and elevated half-life is a characteristic of mutant TDP-43. Furthermore, patient age at the onset of disease symptoms shows a good inverse correlation with mutant TDP-43 half-life. Here we show that ALS and FTLD-associated TDP-43 mutations in the central nucleic acid binding domains lead to elevated half-life and this is commensurate with increased thermal stability and inhibition of aggregation. It is achieved without impact on secondary, tertiary, or quaternary structure. We propose that tighter structural cohesion contributes to reduced protein turnover, increasingly abnormal proteostasis and, ultimately, faster onset of disease symptoms. These results contrast our perception of neurodegenerative diseases as misfolded proteinopathies and delineate a novel path from the molecular characteristics of mutant TDP-43 to aberrant cellular effects and patient phenotype.
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motor neuron disease | oligemisation | SAXS | protein degradation T he fatal course of age-related neurological disorders is often presaged and accompanied by protein destabilization leading to abnormal aggregation (1) . A classic example is the protein superoxide dismutase-1 (SOD1); loss of structural stability (2) and increased aggregation propensity (3) are determinants of the disease course for people with amyotrophic lateral sclerosis (ALS) with mutations in the SOD1 gene (4) . TAR DNA binding protein 43 (TDP-43) is associated with ALS (5, 6) but is also implicated in an increasingly large number of other neurological diseases, including frontotemporal lobar degeneration with ubiquitin-associated inclusions (FTLD-U) (7), Alzheimer's disease (8) , and Guam-Parkinsonism dementia (9) . This justifies TDP-43's position as a high value target but its involvement in familial and sporadic forms of disease doubly underscores this. TDP-43 was first shown to bind and inhibit transcription of TAR DNA (10) but has since been linked with several other nucleic-acidbinding functions, such as transport (11) , stress granule formation (12) , and translation (13) . Most importantly, TDP-43 is known to bind, stabilize, and regulate the splicing of a huge number of mRNAs, including its own (14) (15) (16) (17) . It is understandable therefore that targeted TDP-43 knockout or overexpression leads to motor neuron disease-like symptoms in mice (18, 19) . These facts indicate that strict control of available TDP-43 is critical; however, ALS mutant TDP-43 proteins have been shown to have increased half-life in cell models (20, 21) . Additionally, there is a good relationship between increased half-life and rapid disease onset, which links in vivo TDP-43 behavior with observable patient phenotypes (20) .
Like FUS, TDP-43's function is reliant on its ability to bind DNA/RNA targets (17, 22, 23) . This is accomplished by two centrally located RNA recognition motif (RRM) domains (24) , which are also important for normal localization of TDP-43 to nuclear Gems (25) . Furthermore, whole RRM domains, or sections thereof, are important modifiers of TDP-43 toxicity and are involved in the formation of aggregated cytoplasmic C-terminal fragments (26) (27) (28) (29) . Two disease-associated mutations are found within TDP-43's RRM domains: D169G and K263E. The D169G ALS mutant (6) has previously been used to assess mutant stress granule formation (30) . This process requires functional nucleic acid binding and is unaffected by the D169G mutation (30, 31) . It is situated in loop 5 of RRM1 between α-helix 2 and β-strand 4. The FTLD-U-associated K263E mutant (32) is found immediately after RRM2 and is part of the nucleic acid binding site (33) .
In this study, we show that disease-related RRM domain mutants exhibit a significant increase in thermal stability in vitro, with D169G being the most stable. This correlates with increased resistance to in vitro aggregation and protraction of their half-life in a TDP-43 disease cell model. We also show that these mutants do not cause oligomerization, significant conformational changes, aberrant domain interactions, or unfolding, as is the case for the majority Significance Adult onset neurodegenerative diseases are viewed as protein destabilization, misfolding, and aggregation diseases. TAR DNA binding protein-43 (TDP-43) protein is strongly associated with many neurological disorders, particularly amyotrophic lateral sclerosis and frontotemporal lobar degeneration. All of the disease-associated TDP-43 mutants tested have been shown to increase TDP-43 half-life and this correlates inversely with the age at which the sufferer first becomes aware of symptoms. Here we show that disease mutations in two TDP-43 nucleic acid binding domains also increase the protein's halflife and this is commensurate with increased structural stability and resistance to aggregation. Our results are an unusual contrast to other neurodegenerative diseases and provide a potential link between the molecular characteristics of mutant TDP-43 and the symptoms of these debilitating diseases.
of neurodegenerative-disease-causing proteins (34) . Our results add countenance to the notion that disease-related TDP-43 mutations increase the protein's half-life regardless of location and pose the question, "Could increased TDP-43 half-life result from tighter structural cohesion and the resistance to degradation that it would confer?" Results TDP-43 RRM Mutant Proteins Have Abnormally Elevated Half-Life. In a previous study, we revealed that increased stability of TDP-43 causes toxicity through abnormal proteostasis and RNA dysregulation (20) . Several TDP-43 mutants have now been found to confer increased half-life in cell models (20, 21) . However, to date, only mutants in the C-terminal glycine-rich tail have been analyzed. To examine whether RRM disease mutants are likely to affect TDP-43 stability in vivo, a pulse-chase labeling of D169G and K263E fulllength human TDP-43 mutants was performed using the methionine analog L-azidohomoalanine in a cell culture model.The half-lives of these RRM disease mutants [T 1/2 = 43.7 ± 7.0 h (D169G), 29.6 ± 6.2 h (K263E)] were distinctly longer than that of wild type (T 1/2 = 14.7 ± 1.5 h) (Fig. 1) . These results indicate that increased half-life is a common property of disease-causing TDP-43 mutations regardless of the location in the primary structure and suggest a common mechanism for their toxicity.
Disease-Causing TDP-43 RRM Mutants Resist Thermal Unfolding. In vitro study of TDP-43 RRM domains is now well established (24, 26, 35) and presents the opportunity to investigate potential reasons for the observed increase in cellular half-life at the macromolecular level using a variety of biophysical techniques. Mouse TDP-43 shares 93% sequence identity with human TDP-43 between residues 101 and 265 (TDP-43S) (Fig. S1 ). The majority of differences occur within the RRM2 domain (residues 192-265) and both Asp169 and Lys263 are conserved between species. Due to the high degree of sequence identity, structural changes are likely to strongly correlate between homologs and the mouse protein can be used as a representative model system.
Susceptibility to thermal and chemical unfolding is a common characteristic of proteins involved in neurodegeneration (36) (37) (38) (39) . This is exemplified by ALS SOD1 mutations, which are detrimental to protein stability, cause unfolding resulting in the exposure of hydrophobic regions, and increase the protein's aggregation potential (37, 40) . The unfolding temperature (T m ) of mTDP-43S has previously been determined by circular dichroism (CD) as 49.7°C (24) . To compare the thermal stability of wildtype mTDP-43S with the two point mutations described, differential scanning fluorimetry (DSF) and aromatic fluorescence were used to monitor their unfolding (41, 42) .
The changes in Sypro-orange fluorescence resulting from quenching and dequenching as the protein unfolds were measured for wild type, K263E, and D169G TDP-43S ( Fig. 2A) . Wildtype TDP-43S shows a melting transition (T m ) at 49.15 ± 0.16°C, which is similar to the value obtained by CD spectroscopy (24) . The melting transition was elevated by the K263E mutation to 50.2 ± 0.24°C. However, an increase of 3.5°C to a T m of 52.64 ± 0.11°C was observed for the D169G variant. In each case, a decline in the fluorescent signal at high temperature can be explained by aggregation of the protein (41) . The increase in structural stability conferred by D169G and K263E mutations was confirmed using aromatic fluorescence over a temperature range of 37-65°C (Fig. 2B ). These data show two features, an increase in aromatic quenching up to 42°C and subsequent dequenching to above the initial value. A Boltzmann fit was applied to the normalized unfolding values (Fig.  2C ) giving melting transitions of 52.5 ± 0.9, 55.8 ± 0.8, and 58.7 ± 2.8°C for wild type, K263E, and D169G, respectively.
A central aspect of TDP-43 functionality is its ability to bind nucleic acid and it is known to have a strong preference for UG-rich mRNA (17) . Fig. 2A , Top shows how the addition of increasing length TG repeat DNA affects the unfolding transition of wild-type TDP-43. The initial melting temperature of the apo protein rises to 50.65 ± 1.17, 57.74 ± 1.02, and 62.35 ± 0.32°C when complexed with stoichiometric amounts of TG4, TG8, and TG16 DNA, respectively. Complex formation with DNA also consistently increased the stability of the D169G mutant with melting temperatures of 54.18 ± 1.15, 59.65 ± 0.42, and 65.35 ± 0.39°C ( Fig. 2A, Middle) . The K263E-TG4 complex is found to be 2.4°C more stable than the wild-type complex; however, the stability of this mutant does not increase in the same manner observed for wild type and D169G, with the addition of longer repeat DNA; the K263E-TG8 and -TG16 complexes have melting temperatures of 57.78 ± 0.83 and 61.60 ± 0.23°C, respectively ( Fig. 2A, Bottom) . This indicates that the K263E mutant may have reduced affinity for long chain nucleic acids. In support of this, Lys263 has recently been shown to intercalate between bound RNA bases, and mutation to alanine reduces binding affinity (33) . Small angle X-ray solution scattering (SAXS) is a powerful technique to probe the overall conformation and aggregation state of macromolecules in solution (43) . Here, SAXS was used to assess differences in aggregation potential between mutant and wildtype TDP-43 at two temperatures: 20°C and 40°C. Guinier approximations yielded radii of gyration (Rg) values of 25.8 ± 5.3, 23.3 ± 5.2, and 25.0 ± 3.9 Å, respectively, for wild type, K263E, and D169G at 20°C. At 40°C, these were found to be 40.1 ± 1.9, 25.7 ± 5.5, and 24.5 ± 5.1 Å (Fig. 3) . The Rg of the wild-type TDP-43S shows a large increase at 40°C, suggestive of extensive aggregation, as opposed to essentially unchanged values for the (B) The averages of three independent experiments are plotted. Error bars represent SE of mean (SEM). Half-lives of the proteins were calculated by curve fitting (A, Right) and expressed as means ± SEM from three independent experiments. The data were analyzed by one-way ANOVA followed by Tukey-Kramer post hoc tests. *P < 0.05, **P < 0.01. mutants. Therefore, both mutants appear resistant to heat-mediated aggregation. An explanation can be found in our observation that wild-type TDP-43S unfolding occurs at a lower temperature and this leads to an increased aggregation propensity.
RRM Mutations Do Not Engender Aberrant Oligomerization or Large
Structural Changes. SAXS has previously been used to detect significant structural changes that occur due to disease-causing mutations in SOD1 (2, 44) . Using SAXS, size exclusion chromatography (SEC), and CD, here we demonstrate that the secondary, tertiary, and quaternary structure of wild-type mTDP-43S is conserved when mutated. Mutant and wild-type TDP-43S elute concomitantly from a size exclusion chromatography column as single symmetrical peaks between myoglobin (17 kDa) and the SOD1 dimer (32 kDa) (Fig. 4A and Figs. S2 and S3 ). Binding of TG4 or TG8 repeat DNA causes an increase in hydrodynamic radius but the oligomeric state is maintained for each mutant (Fig. 4A ). Fig. 4B shows the 1D scattering curves of TDP-43S variants obtained by SEC-SAXS. Radii of gyration of 21.9, 22.4, and 22.6 ± 0.5 Å for wild type, K263E, and D169G, respectively are slightly lower than those collected by static SAXS measurements and reflect the ability of SEC-coupled SAXS to isolate scattering from the species of interest (45) . Molecular weight estimations from experimental SAXS data (46) predict a protein mass of 22 kDa, close to its theoretical monomer mass of 19 kDa. These data are consistent with TDP-43S being monomeric and that TDP-43 RRM mutations do not promote aberrant oligomerization. This correlates well with observations of human TDP-43 RRM truncation proteins (26) and as such no symmetry constraints were applied during subsequent 3D modeling.
The distance distribution function (p(r)) for mTDP-43S gives insight into the maximum dimension (D max ) and the average electron distribution for both mutant and wild type (Fig. S4) . The D max for wild-type mTDP-43S was calculated at 85.5 ± 5 Å which, when modeled, revealed two density-rich regions characteristic of tandem domains (Fig. 4D) . Scattering curves and p(r) functions for each mutant are identical to those of the wildtype form, indicating conservation of protein structure. Similarly, when complexed with TG8 DNA the scattering curves for each TDP-43S variant can be superimposed on each other and closely resemble the computed scattering by human TDP43S with RNA bound (Fig. 4C and Fig. S5 ) (33) . The radii of gyration for these protein-DNA complexes was found to be ∼21 Å and D max 70 Å (Fig. S6) . These size parameters indicate that the DNA bound form is more compact than the apo protein and confirms observations by NMR that nucleic acid binding promotes interaction between the two RRM domains (33) . To assess the arrangement of the individual RRM domains in solution in the absence of nucleic acid, a pseudoatomic model was built by rigid body refinement constrained by our experimental SAXS data (Fig. 4D) . TDP-43 RRM domains have previously been suggested to behave as separate entities (35) and this appears to be the case for both disease mutants and wild type.
To substantiate our conclusion that the integrity and conformation of TDP-43S is maintained by mutation, the optical activity of each protein was determined at 20°C by synchrotron radiation CD spectroscopy. Fig. 5 shows the CD spectra, which have good agreement with previously published work (24) but due to the higher intensity of synchrotron light, we are able to reliably show features in the vacuum UV range. The absorption spectra show little difference and the proportions of structural motifs for each variant indicates their secondary structure to be identical within the limits of error. Our results suggest these point mutations do not cause large structural changes and that differences in thermal stability, inhibition of aggregation, and protein turnover are more likely to occur through subtle structural changes at the atomic level.
Discussion
In recent years TDP-43 has been discovered to be the cause of several common neurodegenerative diseases (47) . The number of conditions that are linked to TDP-43 malfunction increases on a seemingly monthly basis and this underscores the notion that neurological diseases often cannot be classified into discrete subcategories but manifest with a spectrum of symptoms. Whereas this seems daunting to those involved in biomedical research it may actually be a boon. Rather than addressing every disease state individually we may be able to effect changes in a single protein that are therapeutic across a whole disease spectrum. As such, finding unifying pathological themes is a worthy goal.
The results presented here indicate that ALS and FTLD-U mutations within the TDP-43 RRM domains do not affect the monomeric state or induce deleterious RRM interdomain interactions, global conformational changes, or unfolding. This is true in the apo or nucleic-acid-bound state. They do however confer resistance to temperature-induced unfolding, aggregation, and degradation. A correlation between increased in vitro thermal stability and increased cellular half-life has been observed for a wide range of proteins (48, 49) including point mutations in nucleic acid binding proteins (50) . This indicates there may be a mechanistic link between the observed characteristics of TDP-43 mutants. The ALS-associated mutant, D169G, displayed the largest resistance to thermal unfolding, aggregation, and a half-life almost three times that of the control. In the presence of DNA, this mutant was consistently more stable than the wild type, indicating that its affinity for nucleic acid is unchanged. It is worth noting given its longer half-life, that this mutation caused a faster disease progression compared with other ALS mutations in the same study (6) . Asp169 is located on loop 6 of the RRM1 structure, separating α-helix 2 and β-strand 4 with potential hydrogen bond interactions with the side chains of Lys114 and Thr115. The substitution of acidic aspartate for nonpolar glycine at this position would abrogate these bonds but may facilitate a tighter association of loop 6 with the hydrophobic inner core orchestrating the increase in stability. The K263E mutant was also shown to increase thermal stability by up to 3°C in the apo state, which was unexpected due to its location outside of the RRM2 structure. This residue is part of the nucleic-acid-binding region (33) and the polarity change from negative to positive may aid in forming electrostatic interactions to local positive residues within the nucleic-acid-binding interface conferring a small change in stability. Like wild-type and D169G TDP-43S, K263E stability rises as the length of bound DNA increases. However, after 16 base pairs (TG8), the stability of the protein complex is less than that of the wild-type protein, indicating a reduced affinity for long nucleic acids.
Pathological posttranslational modifications such as phosphorylation (51) and cleavage (52) are currently the best explanation for those TDP-43 proteinopathy cases that occur without 5 . Circular dichroism spectra of wild-type, D169G, and K263E TDP-43S variants. Superimposition of the spectra indicates conserved secondary. This is confirmed by secondary structure content prediction using the DichroWeb server, which gives 6, 6, and 5% α-helix for wild type, K263E, and D169G, respectively. All three variants were found to have 40% β-sheet. Normalized rmsd is 0.092, 0.101, and 0.089, respectively. primary sequence mutation. These modifications predominate in the cytoplasmic inclusions found in affected cells and as a result were thought to initiate the aggregation cascade and lead to cell death (53) . However, TDP-43 aggregation and nuclear depletion are not necessary for toxicity (54, 55) . Phosphorylation of Cterminal fragments was found to increase their half-life from 14.2 to 22.1 h, indicating there may be a common toxic pathway for seemingly sporadic and familial disease forms (56) . Interestingly the toxicity of some C-terminal mutations was shown to depend upon the presence and function of the RRM1 domain. When RRM1 was removed, an increase in Drosophila survival was observed (29) , possibly by allowing more efficient degradation.
Protein unfolding and accumulation is now a well-characterized feature of neurodegenerative disease (57) . A typical example of this is SOD1-related ALS where toxic SOD1 protein aggregation is thought to arise through mutation-induced protein instability and the exposure of hydrophobic regions buried within the structure (37, 40) . The hypothesis that arises from the work presented here offers an interesting comparison; mutant TDP-43 becomes more stable, resists degradation, and its increased longevity changes the delicate balance of protein expression regulation, eventually leading to faster disease presentation. What remains to be established is whether other mutations throughout the TDP-43 primary structure elicit the same effect and if the posttranslational modifications thought to cause the largest subset of TDP-43 proteinopathies follow a similar route to toxicity. The finding that TDP-43 mutations promote complex formation with FUS (21) means we should not limit our search to stabilization of individual domains or even the TDP-43 monomer. The structural integrity of the dimer and complexes with RNA or other ribonucleoproteins, especially given the clustering of disease mutations in the C terminus, may all play important roles.
Materials and Methods
Pulse-Chase Assay by Chemical Labeling of Newly Synthesized Proteins. Fulllength human TDP-43 cDNA was cloned into a pF5K CMV-neo Flexi mammalian expression vector as described previously (20) and RRM mutations were incorporated by site-directed mutagenesis. Neuro2a cells were grown in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% (vol/vol) FBS, 100 units/mL penicillin, 100 μg/mL streptomycin, and 2 mM glutamine in a humidified atmosphere containing 5% (vol/vol) CO 2 at 37°C. Pulse-chase assay was performed as described previously (20) TDP-43S Protein Production. Mouse TDP-43 DNA was used to PCR base pairs corresponding to residues 101-265 and cloned into the pGEX3x expression vector. D169G and K263E mutations were generated from the wild-type mTDP-43S pGEX3x plasmid using site-directed mutagenesis. The mTDP-43S fusion protein, which contained a cleavable N-terminal GST protein tag was expressed in Escherichia coli BL21 (DE3) by induction with 1.0 mM Isopropyl β-D-1-thiogalactopyranoside and cultured at 30°C for 5 h. The GST-mTDP-43S protein was purified on a glutathione Sepharose column equilibrated with 50 mM Tris·HCl pH 7.4, 150 mM NaCl, 2 mM CaCl 2 . A 500-mM NaCl wash in the same buffer was performed on-column to remove any DNA or RNA bound to GST-TDP-43S. GST was cleaved on-column with addition of Factor Xa and incubation overnight at 4°C. Factor Xa was removed by elution through a benzamidine column. Size exclusion chromatography was performed on a Superdex 200 16/600 or Superdex 75 10/300. DNA binding was achieved by addition of equimolar amounts of TG repeat oligonucleotides.
TDP-43S Unfolding Experiments. The temperature dependence of Syproorange (10×) fluorescence in the presence of TDP-43S variants (25 μM) was measured over a temperature range of 14-95°C, increasing at a rate of 1.2°C/min. Fluorescence was measured at ∼470 nm and ∼610 nm for excitation and emission, respectively. A total of 8 melt curves for wild-type, K263E, and D169G constructs with 4×, 8×, and 16× TG repeat DNA were obtained and averaged and their first derivatives calculated to obtain the melting temperatures.
Aromatic fluorescence of the samples was tested at a concentration of 0.45 mg/mL using excitation and emission wavelengths of 280 nm and 340 nm, respectively. A total of six repeats for each variant and buffer were performed. Samples and buffer were preheated for 5 min over 2°C increments from 37 to 65°C. The samples were buffer subtracted and averaged to produce the data points and SD. Boltzmann curve fitting was calculated using Origin 8.6 (OriginLab).
SAXS Data Collection, Processing, and Interpretation. SAXS data collection for modeling purposes was performed at beamline SWING (58) at Synchrotron Soleil, which is suited to the characterization of aggregation prone proteins (45) . Concentrated TDP-43S (40 μL, 5-10 mg/mL) was separated from high molecular weight aggregates on a Shodex KW402.5-4F SEC column with 300 μL/min flow. A total of 250 exposures spanning the protein elution were collected on an Aviex 170 × 170 charged coupled detector, over an angular momentum transfer range (q) of 0.01-0.57, where q = 4πsinθλ −1 (λ is the wavelength of the incident radiation and θ is half the angle between the incident and scattered radiation). Data averaging, reduction, and preliminary Rg and I(0) calculations were performed using FoxTrot software, developed in-house at Soleil, but scrutinized in more detail with PRIMUS (59). Distance distribution functions P(r) were calculated with Gnom (60).
Ten-bead models, generated with GASBOR (61), were averaged using DAMAVER to yield an average electron density model. Rigid body refinement using human RRM1 [Protein Data Bank (PDB): 2CQG, residues 106-177] and mouse RRM2 (PDB: 3D2W, residues 193-259) was performed against experimental SAXS data using BUNCH (62) . Residues including N-terminal Gly, Ile and Leu (remaining after factor Xa cleavage) and 101-105, 178-192 and 260-265 were modelled from the Cα trace and reconstituted using SABBAC (63) . Rigid-body and bead models were visualized and aligned with PyMOL (www.pymol.org). All curve fittings and 1D profile estimations mentioned were performed using CRYSOL (64) . Molecular weight estimations were determined using SAXS MoW (46) . Radii of gyration at 20°C and 40°C were calculated by the Guinier approximation using data collected at the Barkla X-ray Laboratory of Biophysics at the University of Liverpool (65) . TDP-43S samples were concentrated to 3 mg/mL in the buffer previously described but with the addition of 20 mM DTT. Scattering was collected on a MAR300 image plate at a distance of 1.25 m from the sample. Protein and buffer scattering was recorded over three separate 20-min exposures, which were then averaged. Data integration and analysis was performed using Fit2D and PRIMUS. The bounds of the Guinier region (qRg) all lay below 1.3 for each construct except the wild type at 40°C, which, due to extensive aggregation, was 2.0.
Circular Dichroism. The optical activity of TDP-43S variants was determined at beamline DISCO also at Synchrotron Soleil. Following dialysis against 50 mM phosphate buffer pH 7.2, 50 mM NaF and concentration to 0.8 mg/mL, measurements were taken using a 0.02-cm quartz cell and 9-s acquisition time in range 180-260 nm. Data acquisition was repeated three times for each construct before buffer subtraction, averaging, and smoothing by averaging two consecutive points. CDSSTR secondary structure prediction was performed using the DichroWeb on-line server, using the SP175 reference set.
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